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Abstract

Pore-forming proteins and peptides act on their targeted lipid bilayer membranes to increase
permeability. This approach to the modulation of biological function is relevant to a great number
of living processes, including; infection, parasitism, immunity, apoptosis, development and
neurodegeneration. While some pore-forming proteins/peptides assemble into rings of subunits to
generate discrete, well-defined pore-forming structures, an increasing number are recognised to
form pores via mechanisms which co-opt membrane lipids themselves. Among these, membrane
attack complex-perforin/cholesterol-dependent cytolysin (MACPF/CDC) family proteins,
Bax/colicin family proteins and actinoporins are especially prominent and among the mechanisms
believed to apply is the formation of non-lamellar (semi-toroidal or toroidal) lipidic structures. In
this review I focus on the ways in which lipids contribute to pore formation and contrast this with
the ways in which lipids are co-opted also in membrane fusion and fission events. A variety of
mechanisms for pore formation that involve lipids exists, but they consistently result in stable
hybrid proteolipidic structures. These structures are stabilised by mechanisms in which pore-
forming proteins modify the innate capacity of lipid membranes to respond to their environment,
changing shape and/or phase and binding individual lipid molecules directly. In contrast, and
despite the diversity in fusion protein types, mechanisms for membrane fusion are rather similar to
each other, mapping out a pathway from pairs of separated compartments to fully confluent fused
membranes. Fusion proteins generate metastable structures along the way which, like long-lived
proteolipidic pore-forming compexes, rely on the basic physical properties of lipid bilayers.
Membrane fission involves similar intermediates, in the reverse order. I conclude by considering the
possibility that at least some pore-forming and fusion proteins are evolutionarily related

homologues.
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1. Biological membranes. barrier and gateway

Biological membranes represent both challenges and opportunities. They represent challenges
because they seal the outside of the cell and provide for interior compartments within cells,
presenting a barrier to the transfer of nutrients and signals. They represent opportunities because
they provide protection, and enable the planar localisation of biological processes and signal
transduction [1, 2]. The specificity with which the challenges represented by membranes are met,
and with which the opportunities they provide are realised, depends on proteins which mediate the
interactions they undergo and which shape, remodel and open channels through their constituent
lipid bilayers. But the lipids themselves also play a critical role in enabling membrane biology,
providing a structure or framework to processes alongside the proteins driving them. Indeed,
because of the presence of a diversity of lipid forms (e.g. those promoting positive and negative
curvature, sterols, glycolipids and so on) and organisations (bilayer asymmetry and lateral
segregation into rafts) membranes present a complex terrain or landscape within which membrane-
acting proteins must operate [3-6]. This review focuses principally on the direct use which two
classes of membrane-targeting proteins, pore-forming proteins and fusion proteins, make of bilayer
lipids in carrying out their functions. Membrane fission is also considered, and its essential reversal

of the fusion process.

Membrane pore formation and membrane fusion/fission are related phenomena. Both involve the
remodelling of the membrane bilayer, whereby the pre-existing lipid matrix is perturbed either to
open a water-filled channel across it or to bring about its fusion with another membrane-bound
compartment of the generation of two compartments from one. It is now becoming generally
accepted that both involve lipids as critical components of their mechanism, rather than simply
remodelling them in a passive manner [7-9]. And both involve a dramatic refolding of the principal

actors, the pore-forming and fusion/fission proteins themselves. Gianfranco Menestrina played a



seminal role in establishing that lipids are active players in membrane pore formation [10-13] and

this review is a tribute to his contribution to the establishment of the field under discussion.

2. Pore-forming proteins

Pore-forming proteins are typically produced as soluble monomers or dimers which then bind to
membranes before self-assembling into a pore-forming structure, usually a complete or incomplete
ring of subunits (Figure 1) [14]. Although many or most pore-forming proteins are thought to be
monomeric in solution [14], some significant examples are dimeric, including proaerolysin [15] and
perfringolysin [16-18]. In both these cases the dimers are antiparallel, whereas self-association to
form pores involves a parallel arrangement of subunits. It is possible that antiparallel dimerization is
a mechanism for preventing premature oligomerisation, which just depends on (active) protein
concentration [16, 19, 20]. Incomplete rings or non-ring-shaped structures such as those formed by
membrane attack complex-perforin/cholesterol-dependent cytolysin (MACPF/CDC) family proteins
and Bax-like proteins have a more obvious direct role for lipids in pore structure [7, 12, 14, 21-23];
but even where complete rings of subunits form, lipids are now thought to be capable of playing a
critical role in how pore formation occurs [24] (See below, Figure 2). Pore-forming proteins have
been extensively reviewed in the literature [14, 25, 26] and broadly-speaking fall into two classes:
those which use a transmembrane structure made of  strands and those which use a structure made
of a helices. In both cases there may be a transition from one form of secondary structure to the
other during the pore-formation process — for example CDCs transition into the membrane with the
refolding of two sets of a helices into a pair of transmembrane 3 hairpins [27, 28], whereas the E.
coli cytolysin A (ClyA, also known as HlyE) makes the opposite journey, and converts some
regions of 3 sheet alongside some loop regions into a helix [29]. Similar pore-forming structure, or
mechanisms of pore formation, can also have different origins — for example the Staphylococcus
aureus o-hemolysin builds a 14-stranded pore by the unfolding of a B hairpin from the B-sandwich

structure of each of seven oligomerised subunits [30-33], whereas the Bacillus anthracis protective
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antigen (PA) forms a barrel with the same number of strands (albeit one of twice the height) from
polypeptide regions found as a Greek key motif and exposed loop within monomeric and pre-pore

forms of the protein [34, 35].

The paradigm systems for studying membrane targeting by pore-forming proteins have been from
bacterial species, and among the most completely understood are the families of proteins related to
S. aureus o-hemolysin [24, 30] and the MACPF/CDC family of proteins [36, 37]. In a sense these
represent opposite ends of a spectrum of pore-forming proteins based on membrane-inserted 3-
barrel structures. For example, the pores formed by S. aureus a-hemolysin and its relatives are
small (1-2nm across in functional diameter) since they are composed from just a few subunits (6-8,
generally) and are always complete [30-33]. By contrast, pores formed by MACPF/CDC proteins
are up to ~30nm across with up to ~40 subunits, with incomplete rings of subunits (ie arcs of
subunits) a frequently-observed phenomenon which recent data have shown to be bona fide pore-
forming complexes [38-40] (Figure 2), in agreement with a long-proposed argument [14, 16, 36, 41,

42] and much functional data [43-47].

This review is structured to consider in turn pore-forming proteins from the B-sheeted and a-helical
classes, and within each class to begin with an example of a discrete protein-only pore-forming
structure which sits across its target bilayer before looking into pore formation with protein-induced
non-lamellar lipid structures, and pore formation by lipids alone via the formation of a toroidal
arrangement of lipids (Figure 1d). I then turn to the fusion and fission proteins as an alternative
group of membrane-targeting proteins before considering the possible evolutionary relationship
between proteins engaged in pore formation and membrane fusion. As a first step, however, I will

consider the simplest kinds of pore-forming protein: peptides which permeabilise membranes.



3. Starting simply: pore-forming peptides

Small peptides are a well-known form of membrane-targeting agent [7], among which examples
include the B-sheet peptides arenicin, protegrin-1 and Alzheimer’s f1-41 [48-50] and the a-helical
peptides alamethicin and melittin [S1]. A variety of possible mechanisms for pore-forming peptides
have been advanced, including the formation of complete rings of subunits (the “barrel-stave”
model), and the induction of non-lamellar structures by peptides lying either on the surface of or
across target membranes [52]. Intriguingly, although alamethicin and melittin have similar
amphipathic structures, they actually form pores by distinct mechanisms: in the case of alamethicin
with a barrel-stave pore, in the case of melittin by the induction of a non-lamellar phase [51].
However, an interesting difference exists between a-helical and B-sheeted pore-forming peptides as
the former are hydrogen-bonding self-sufficient in their interactions with nearby amino acids,
whereas B-hairpins must form hydrogen bonds (or possibly another kind of stabilising interaction)
with either non-adjacent residues, other polypeptide chains or other species. This distinction affects
the pore-forming mechanisms which a-helical and -sheeted peptides can adopt. While an a-helical
peptide might easily lie along a membrane surface, a B-hairpin is unlikely to be able to do so,
forcing a trans-bilayer orientation. Furthermore, while orientation across the bilayer might similarly
work for a single a-helix — whether as a hydrophobic integral membrane protein or pore-forming
peptide — this will not be a tenable location for an isolated B-hairpin. Instead, it must form lateral
interactions — whether with at least one other copy of itself or with other species. Indeed, we see this
in integral membranes themselves, where the standard orientation of an o-helix is across the

membrane and the standard arrangement of a -strand is as part of a B-barrel.

The essential properties of pore-forming peptides suit them to form pores which make bilayer lipids
an inherent component of their structure using either a “matrix-type” approach in which lipids and
proteins alternate, or else an “arc-type” mechanism in which the protein clusters on one side of the

structure and the lipid (in a non-lamellar arrangement) on the other (Figure 1c) [7]. The arc-type
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mechanism can obviously be a sub-form of a full ring of protein subunits. Melittin classifies as an
a-helical peptide with a matrix-form assembly mechanism, and arenicin is a B-sheeted peptide
which is also thought to have a matrix-type pore arrangement [48]. Evidence from AFM and
molecular dynamics simulations indicates that protegrin-1 [49, 53] and Alzheimer’s B1-41 peptide
[50, 54, 55] form ring-like and arc-based pore structures in target membranes. The formation of
pores by arc-shaped assemblies of peptides echoes the equivalent structures formed by pore-

forming proteins of the MACPF/CDC class [7].

4. a-hemolysin family proteins — a peripheral role for lipids

S. aureus o-hemolysin was the first pore-forming protein to have its atomic structure solved in a
pore-forming state [30] (Figure 1a). This revealed its heptameric assembly and 14-stranded 3-
barrel. Other studies have shown that this protein assembles as a pre-pore structure first, and then
refolds into a pore [56, 57], an influential insight which has had a significant impact on how pore-
forming proteins tend to be understood. Indeed, many such proteins will form pre-pore complexes
before they form pores, but this is not expected to be a genuine universal. For example, the
complement membrane attack complex (MAC) is currently thought not to form a pre-pore assembly
in the classic sense but, once membrane targeting has occurred via a complex of proteins C5b-9,

that pores open and then grow in size as more C9 subunits join the assembly [58-60].

There is some complexity to the pore-forming mechanism of a-hemolysin and related proteins.
Some members of the family are bi-component — they have two homologous subunits which pack
alternately to generate the pore-forming structure, examples being leukocidin F of the Panton-
Valentin endotoxin [61]. This requires an octameric oligomerisation state, the structure of which
has also been solved [31]; meanwhile there is in fact quite good evidence for a hexameric version of

the a-hemolysin pore itself based on the measurement of a biphasic conductance distribution and



the calculation that this would equate to functional hexamers alongside heptamers [62].
Nevertheless, the limited size of the pore-forming structures formed by this family of proteins does
not tolerate the existence of incomplete rings of subunits as a pore-forming mechanism. Indeed, the
evidence from real-time imaging of the assembly of individual pores is that the only stable
complexes formed are complete heptamers. After subunit binding, random movement of the
subunits on the membrane results in the formation of the minimal dimer which has a lifetime of
~50ms before dissociation [63]. However if assembly growth is sufficiently rapid than seven o-
hemolysin subunits can find each other in time, stochastically, to generate the pre-pore structure
which ultimately transitions to a pore [63]. Studies of this kind have only so far been performed
with a-hemolysin itself, out of this family of proteins, but it would seem likely that pore formation
via exactly such a mechanism might be obstructively difficult in the case of the bi-component
leukocidins due to the need for the protein subunits to find each other in a precise order, and
requiring perhaps an initial dimerization followed by the assembly of further dimers in turn. Recent

evidence supports this conjecture [32].

A role for lipids in the pore-forming assemblies generated by a-hemolysin and related proteins
would seem to be precluded, yet in fact a recent set of experiments with forms of a-hemolysin in
which its transmembrane B-barrel forming loops were truncated have shown that, even though too
short to span the membrane, this modified kind of barrel still forms pores [24]. The pore-forming
structure involved is thought to be a non-lamellar arrangement of lipids, which is a packing re-
arrangement in the normal lipid bilayer structure in which a water-filled channel through the
membrane is lined by a highly-curved surface formed from the lipid headgroups [7] (Figure 1d). A
structure of this kind is thought to be formed during electroporation [7, 64-67] (see below, section
9). It is quite possible that these a-hemolysin data tell us something very interesting about the
mechanism of insertion of pore-forming complexes, because they indicate a way in which such

complexes could clear the membrane bilayer lipids out of the way as they insert into membranes.



This has long been a puzzle and may indeed be a general solution found also in pore-forming
proteins which construct much larger pore-forming assemblies [7, 40]. By getting the lipids to move
themselves out of the way via the generation of an inverted phase, pore-forming proteins generating
non-lamellar structures can then pre-open up a channel through the lipids for their insertion (Figure
2a). In turn this might imply that the smaller pore-forming structures evolved first to use this
mechanism of lipid clearance. Then, pore-forming proteins which generate larger assemblies
relying on non-lamellar lipid arrangements induced by arcs of subunits for added functional
versatility could have arisen. This would agree with the increased complexity of phenotype
conferred by larger pore-forming assemblies; for example, the delivery of granule proteases from
natural killer cells and cytotoxic T-lymphocytes into antigen-presenting cells [44] and the
intracellular parasitism of bacteria [43, 68]. Proteins from the a-hemolysin family by contrast more
simply punch holes to cause leakage of material from cells and trigger internal signalling responses
leading to cell death, rather than seeking to programme cell behaviour [44] or enable intracellular

growth of bacteria and their direct movement between cells [43, 68].

5. MACPF/CDC proteins — do lipids close the circle?

The MACPF/CDC family of pore-forming proteins demonstrates a very direct role for lipids in the
formation of pores in biological membranes (Figure 1b). This derives directly from the capacity of
these proteins to form stable, pore-forming arcs of subunits which require contributions from an
endogenous component of the membrane they are targeting in order to define a perimeter for the
pore-forming channel. From the first observation of pore complexes generated by members of this
family, by electron microscopy, the existence of incomplete rings (arcs) alongside the complete ring
structures was noted [41, 69, 70]. While some (correctly) concluded that this implied an
unconventional mechanism of pore formation [71] in which the interface between a protein arc and

the lipid membrane defined the pore boundary [14, 36, 45, 72, 73] most researchers in the field



wrote the idea off and considered it, a priori, biophysically implausible [74-76]; oddly, some still

do [77].

Besides images of arciform complexes apparently forming pores in membranes, obtained by
electron microscopy [69, 70, 78, 79], data which indicate that the MACPF/CDC proteins form
proteolipidic pores include the variable functional size of the pores [12, 21, 44, 46, 80, 81], the
apparent role played by lipids themselves in the functional characteristics of the pores [46], the way
in which pores enable the flip-flopping of lipids from one side of a membrane bilayer to another
[44, 81] (a typical indication of pore formation via non-lamellar lipid arrangements [82, 83]) and
the kinetic mechanism of pore complex assembly whereby the concentration of active monomeric
subunits clearly drives the distribution of oligomer size (i.e. how many complete ring-form and
incomplete arc-form complexes there are and in what proportions) [14, 16, 38, 42, 84] (Figures 2c

and d).

6. Seeing is believing

Structural biology has consistently been at the leading edge of progress in our understanding of
pore-forming proteins. Pore-forming assemblies were first identified using electron microscopy [69,
78, 85]; and, repeatedly, the determination of the atomic structure of pore-forming proteins in a
soluble [15, 86, 87] or pore-forming [29, 30] state has triggered an enhanced rate of progress in
understanding their mechanisms. Maybe it is not surprising, therefore, that the role of incomplete,
arc-shaped assemblies of subunits only finally became accepted when they were imaged using cryo-
electron tomography [40] and atomic force microscopy [38, 39, 88] (Figure 2b, d and e). In
retrospect this cast (and casts [77]) a negative light on the rejection of the non-imaging data for

protein arc-based pore formation as implausible.
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The suitability of cryo-electron tomography to address this question derives from its capacity to
provide 3D visualisation of pores in sifu within membranes. Thus, an experiment was designed in
which a bacterial MACPF/CDC, pneumolysin, was added to cholesterol-containing membranes and
the resulting pre-pore and pore-forming complexes imaged [40]. A full range of oligomeric sizes
was seen — from arcs of only a few subunits to complete rings — in both the pre-pore and pore-
forming states [40]. The chief interest, however, lay in the distribution of membrane associated with
pre-pore and pore-forming arcs of subunits. In the pre-pore state there was no opening in the
membrane and instead the oligomer simply sat on its surface; in the pore-forming state the
pneumolysin oligomer had inserted into the membrane, there was a hole through the bilayer and the
open ends of the arc of subunits had stretched between them a lipidic edge which completed the
perimeter of the pore [40] (Figure 2b and c). In addition to assembly states clearly either pre-pore or
pore, some complete rings appeared to be in the process of transitioning between the two such that
the membrane was partly broken and, in agreement, the oligomer of subunits was partly inserted
[40] (Figure 3). This suggests that the process of membrane insertion involves a rolling
conformational change, allowing lipids within the centre of the ring of subunits to flow back into
the rest of the membrane rather than be jettisoned into solution on oligomer insertion (Figure 3).
This rolling back would be accompanied by the formation of a non-lamellar (semi-toroidal) lipid
edge, as already discussed (Figures 1b, 2a, 2d). Although a subsequent study using AFM suggested
that lipid vesicles may indeed be released from the membrane on pore formation [38] (Figure 2d),
another study in which the membrane mass was quantitatively measured also strongly supports pore
formation by a diverse set of oligomeric assembly sizes and has indicated that lipids are not lost
from membranes when pore formation occurs [89]. Different MACPF/CDC proteins may, of

course, use different approaches to clear lipids from the centre of pore-forming structures.

Three AFM studies [38, 39, 88] since the cryo-electron tomography study of pneumolysin pores

[40] have strongly backed up the insights it provided (Figure 2d and e). In one, by Leung et al. [38],
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the CDC suilysin was imaged forming pre-pore and pore complexes on membranes and it was
clearly seen that, as in a previous set of AFM experiments from another lab using perfringolysin
[84], pore-forming complexes could either be arcs of subunits or complete rings of subunits (Figure
2d). The beauty of Leung et al.’s work was that they clearly resolved the location of the lipid edge
too and formulated a model for pore formation by kinetically-trapped arcs of protein subunits, or by
complete rings, depending on the concentration of protein available [38] (Figure 2d). The minimum
size of pore-forming arc seemed to be five subunits [38]. This model mechanism is a quantitative
version of an old one, first proposed in 2002 [14] and argued periodically since [16, 36, 42] (Figure

2¢).

In the second recent study using AFM, Podobnik et al. used listeriolysin pores to investigate the
role of lipids in its pore formation and the dynamics shown by individual membrane pores [39]
(Figure 2e). In a series of time-resolved experiments they were able to show pore formation by
incomplete rings of subunits (arcs) and also the dynamic behaviour of arcs which can come together
to form larger pore-forming complexes consisting of an apposed pair of, or more, arcs, which can
also subsequently separate into smaller pores [39]. The larger “patchwork™ pores were especially
intriguing in which multiple arcs came together to form a much larger assembly with a resulting
much-increased channel size [39] (Figure 2c and e). The particular significance of this work is the
way in which it shows the dynamics of pores, which are expected to apply also to the biological
context [43, 68], and also the much greater range of pore size observed than previously. Podobnik et
al.’s work provides a way to understand how listeriolysin pores could enable the escape of Listeria
bacteria from endosomes and their movement between adjacent cells [43, 68]. Its direct
visualisation of the real-time separation and joining of pore-forming arcs also echoes insights
gained for the MACPF/CDC perforin using electrophysiological measurements [46]. More recently
similar findings to Podobnik et al have been made in the third time-resolved AFM-based study of

listeriolysin [88].
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Thus, seeing is believing, and understanding in the research community has changed almost
overnight from a rejection of the possibility of a direct role for lipids in pore formation by
MACPF/CDC proteins [7] to an enthusiastic embracing of the concept and all that it means in terms
of an enhanced understanding of the versatility of pore-forming mechanisms in health and disease.
Isolated naysayers remain [77], but the impact of the newly shared understanding of the mechanism
of MACPF/CDC proteins on how the scientific community in turn understands their role in health
and disease is obvious (see above and [7, 71]). The suggestion that the use of model systems to
study pore formation has resulted in artefactual results [77], firstly, undermines also the
experiments which some take to show that only full rings are pore-forming; secondly and more
fundamentally seeks to undermine the apparently valid basic assumptions of modern biochemistry
and molecular biology; and thirdly ignores data showing without doubt the presence of incomplete

MACPF/CDC oligomers forming pores in intact cell membranes [44] and even in vivo [90].

The MACPF/CDC proteins represent one particular example of how proteins and lipids can come
together to generate pore-forming complexes. As discussed above, it may be an evolutionary
development of a mechanism of lipid clearance during the insertion of simpler pore-forming
complexes such as a-hemolysin, where a similar non-lamellar arrangement of lipids is used in
transition to a fully-inserted barrel of subunits (Figure 2a). Like a-hemolysin, fusion proteins, too,
make transitory use of a highly-curved lipid surface as they generate a fusion pore en route to the

confluence of two membrane bilayers. This will be discussed further below.

7. Soft edges: pores formed by a-helical assemblies

A fundamental difference between pore formation engineered via B-barrel structures and via o-

helical assemblies is that the hydrogen-bonding patterns of a helices are self-sufficient, whereas
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those of B-sheets are not [7]. Like with the examples of B-barrel pore formation discussed already,
the a-hemolysin family and the MACPF/CDC family of proteins, there is diversity in the ways in
which proteins and lipids interface during membrane insertion of a-helical pores. Occupying an
equivalent position in this grouping to a-hemolysin within the B-barrel formers is another bacterial
pore-forming protein, the Cytolysin A (ClyA) found in Escherichia coli and Salmonella enterica
strains [29, 91]. ClyA forms dodecameric pores and, as with a-hemolysin, there is no indication that
they can as well be incomplete as complete rings. The conformational change involved in ClyA
transitioning from a pre-pore assembly into a pore-forming one involves its conversion from a
bowed bundle of a-helices with a terminal B-sheet hairpin (or “tongue”) into a straight up-and-down
all-helical structure. The conformational changes necessary to effect this transition can be placed
into a hierarchy and thereby into an inferred temporal sequence [29]. The pre-pore state nascent
assembly is partly inserted into the membrane bilayer, before an iris-like coordinated change
completes pore formation and stabilizes the transmembrane complex [29]. Although there is no
evidence for a role for lipids in the structure of ClyA pores, the partial insertion of the proposed pre-
pore structure, which appears to be backed up by imaging data, does however suggest the
possibility that a transitory non-lamellar (toroidal) arrangement of lipids (Figure 1d) beneath the
forming pore complex [7, 24] eases its passage into the membrane, clearing away the bilayer in a
mechanism concerted with protein insertion. This would then be equivalent to the effect seen with
truncated forms of a-hemolysin and posited as a general mechanism for lipid clearance during pore

formation [24] (Figure 2a).

In other cases of a-helix-based pore-forming assemblies, however, lipids are directly implicated in
the mechanism of pore formation. A case in point is the actinoporins found in sea anemones, such
as sticholysin II and equinatoxin II [10, 92]. These proteins have a preference for or dependence on
sphingomyelin as a point of contact on the membrane surface, and a variety of studies have shown

that they make use of lipids in their mechanism of pore formation, though this has long been
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thought to be according to a distinct arrangement of protein and lipid compared to the
MACPF/CDCs. As discussed above, the MACPF/CDCs form pores at protein-lipid interfaces in
which the protein constitutes one curved edge to the pore and the lipid completes the perimeter [7].
The actinoporins instead form a matrix arrangement in which lipid and protein components
alternate; one study of sticholysin II, using low-resolution electron crystallography for the pore,
suggested this might be a tetrameric assembly with lipids filling in the pore channel perimeter in
between the protein subunits [92]. A more recent atomic resolution X-ray crystal structure of the
pore-forming state of fragaceatoxin C resolved instead an octamer and showed the presence of pore-
specific lipids bound to special locations between subunits, indeed plugging gaps in the channel
perimeter [93] (Figure 4a). This suggests that the 4-fold symmetry of the sticholysin II pores,
reflecting the P4 symmetry of its two-dimensional crystals, masked an underlying octameric
symmetry as found in the FraC structure. Indeed, there are eight density maxima around the
perimeter of the sticholysin II pore — in the previous model these were treated as two lobes of
density for four protein subunits layed on their side [92]; the FraC structure suggests a more
accurate interpretation would be of eight subunits rotated through 90° and viewed down their long

axis, since that is the orientation of the subunits in the FraC pore [93].

Direct functional evidence for the involvement of lipids in actinoporin pore-forming assemblies
came from work with equinatoxin II in which solid-state NMR (SS-NMR) was used to show a non-
lamellar arrangement of lipids in the membrane, and the enhancement of cationic selectivity by the
inclusion of negatively-charged lipids indicated the presence of such lipids within the perimeter of
the pore [10]. In another study, this time using sticholysin II, lipid flip-flop was enhanced by pore
formation, which was itself facilitated by lipids with positive curvature [13]. In fact, the FraC
crystal structure does not show a typical partially-toroidal arrangement of lipids within the protein-
lipid (proteolipidic) matrix which forms the pore’s channel; instead (as shown; Figure 4a) the

specially located lipids specific to the pore structure remain in a lamellar orientation, but the
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lamellar structure is disrupted by pore formation in line with the SS-NMR data and allowing for the
exposure of lipid headgroups to the pore lumen [10, 93]. It is possible that this arrangement could
directly result in an enhancement of lipid flip-flop, since its formation clearly perturbs the bilayer.
Alternatively, if the formation of a torus of lipids is a standard feature of mechanisms of pore
formation — as suggested by the work on truncated forms of a-hemolysin discussed above [24]
(Figure 2a) — then the flip-flop could equally well be a result of the transient formation of such

structures as the actinoporin inserts into its targeted membrane.

8. Bax against a lipid wall

A second class of pore-forming protein in which a pore-forming helical region of a protein engages
with the targeted membrane is found in the case of the pore-forming members of the Bax family of
proteins. These proteins are best known for their role in apoptosis, where members such as Bax and
Bak perforate the mitochondrial membrane to release cytochrome C and other protein factors
promoting apoptotic cell death [94]. In turn, homologous proteins without a pore-forming capacity
such as Bcl-2 prevent pore formation — and, in the case of Bcl-2 can thereby promote cancer (Bel =
B cell lymphoma). This family of pore-formers includes also bacterial colicin proteins [95] and
apolipoprotein L1 (a component of high-density lipoproteins which also plays a role in human
immunity to trypanosomes) [96]. The mechanism of pore formation by these proteins is not entirely
resolved. What is clear, however, is that a variety of studies have shown a role for lipids in their
pore formation and suggested a non-lamellar (partially toroidal) arrangement via the observation of
lipid flip-flop [82, 97, 98]. Perhaps the most direct evidence for this is the use of anomalous X-ray
diffraction measurements to show directly that the Bax a5 helix induces membrane pore-forming
structures in which lipid headgroups are to be found right through the bilayer [99], which can only
really be understood due to the formation of a through-bilayer positively-curved lipid edge (Figure
4b and as in Figure 1b). Further molecular details of Bax pore formation remain the subject of

debate, however two recent papers have indicated that previous models in which a refolding of the
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a-helical bundle constituted by Bax resulted in the insertion of a hairpin of helixes (a5 and a6)
[100] are most likely incorrect [22, 101]. Instead, the laying of a5 and a6 [101] or just a5 [22] out
parallel to the membrane plane results in the destabilisation of its lamellar structure and induction of
the non-lamellar lipidic arrangement (Figure 4b). This mechanism of pore formation is similar to
the “carpet” model proposed for bactericidal peptides [102]; for discussion relevant to Bax and
colicins see [103], however it is clear the Bax leaves the basic membrane intact indicating that it
forms discrete pore structures and does not destabilise the membrane in a generalised way. In any
case, all evidence points to the idea that pore formation by Bax and related proteins leads to a non-
lamellar-lipid pore, and quite likely one in which the protein contributes only locally to the channel
perimeter — as in the MACPF/CDCs — rather than forming a proteolipidic matrix as in the
actinoporins. Indeed, a cryo-electron microscopy study of Bax in a lipid nanodisc has provided a
visualisation of a pore in which the protein is on one side, leaving free lipid on the other [104]. The
unit of assembly to form a pore appears, in any case, to be a dimer of Bax subunits [22, 101], and
the structure of this dimer or something close to it has been resolved by X-ray crystallography [23,
105]. Whether pore formation can occur with a single dimer [104] (this paper models a monomer
but clearly it should be a dimer) or requires more than one dimer remains to be seen, but clearly
larger pores should result from larger numbers of Bax subunits being present [22, 94, 101]. Indeed,
the size of pores formed by both Bax and Bak depends on their membrane density [106, 107], in
support of a pleomorphic set of pore sizes dependent on the number of protein subunits

incorporated, and in which the building block is a protein dimer [108].

9. Toroidal lipidic pores

Underlying the existence of pores generated by a structural combination of protein subunits and
lipid molecules, where the lipids have a non-lamellar arrangement, is the fact that lipids alone are
capable of forming pores using a similar rearrangement without any proteins being involved (Figure

1d). This fact has been discussed in detail elsewhere [64, 66] and its relationship to pore formation
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by proteins has been noted [7]. The transition of an electrical charge through membranes causes a
reorientation of the lipids to generate a ring-shaped non-lamellar arrangement which, famously,
allows the electroporation of DNA into cells [67]. The insertion of a permanent charge into the
membrane — such as that provided by the charged amino acid sidechains of pore-forming proteins —
can be expected to have a similar effect [16]. The structure of toroidal lipidic pores is characterised
by a positive lipid curvature out (or rather, through) the plane of the membrane and a negative lipid
curvature in the plane of the membrane (Figure 1d). Why should such structures be stable given that
they are made simply out of lipids? Because the line tension of the membrane is reduced by the
curvature of the lipids towards the hydrophobic core [7, 65]. Pore-forming proteins which generate

hybrid protein-lipid pores piggyback on this basic property of biological bilayer membranes.

10. Bend and snap

The role of lipids in pore-forming structures generated by pore-forming proteins appears to confer a
set of advantages. One is economy — it is no longer necessary to build a complete ring of subunits
into a wall that defines a pore; rather, a limited number of subunits can harness the biophysical
properties of phospholipids and the bilayer membranes they form to enable pore formation by
intervention rather than direct construction. Another is flexibility — by avoiding the rigidity of a wall
built brick-by-brick (subunit-by-subunit) the pore-forming mechanism builds in versatility, whether
in terms of the capacity to form different sizes of pore in different contexts (e.g. pH [39, 43], protein
concentration [ 14, 38, 42]) or in terms of a single pore, once formed, being deformable — as may be
needed for apicomplexan migration through pores triggered by their perforin-like proteins [109],
and seems likely to apply with direct travel of Listeria from cell to cell [43, 68]. The key
achievement, however, is the opening of a channel through a single bilayer by the induction of a
semi-toroidal, non-lamellar arrangement of lipids in-plane [7]. Membrane fusion proteins also direct
the formation of highly curved lipidic structures, but these are the result of a bending of the bilayer

out of plane to form a high-energy transition state, and the snapping together of the two membranes
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as the transition state resolves [110, 111]. The opposite phenomenon, membrane fission, is brought
about via the same intermediates as fusion, with however a quite different mechanism at the protein
level based on, e.g., BAR domain proteins and dynamin [112, 113]. Whereas fusion is based on a
mechanism pulling the membranes towards each other to form a pinched intermediate that easily
resolves as the bilayers become confluent, fission begins with a pinching process as opposing
regions of two membranes are pushed or drawn together (Figure 5a and d). Nevertheless, in both
membrane fusion and fission the formation of a metastable intermediate structure involves a highly
positively and negatively out-of-plane curved bilayer (Figure 5), whereas in pore formation we find
an inherently stable non-lamellar structure in the plane of the bilayer with positive curvature
through the membrane and negative curvature around the pore edge (Figures 1b, 2a, 2d and 4b). As
discussed already, the stability of pore-forming toroids and semi-toroids is enabled by a reduction in
line tension [7, 65]; the instability of the pinched-out structures formed during membrane fusion
and fission most likely derives from charge repulsion effects and the much lower energy of the
system if the membranes break open and fuse, or break up and separate (Figure 5). En route, fusion
pores form a toroidal structure out of a highly bent bilayer rather than the highly curved transbilayer
repacking of lipids; the resolution of fusion pores is a simple matter of relaxation as the membrane

components redistribute themselves in-plane.

The critical steps in membrane fusion are the close approach of two membranes, leading to
dehydration of their surfaces, the formation of a hemifusion intermediate and then of a fusion pore
which relaxes as the two bilayers become fully confluent (Figure 5). Fusion proteins, like pore-
forming proteins, harness basic characteristics of membrane bilayer biophysics to have their effects.
This can perhaps be seen most simply in the case of the contribution to vesicle fusion provided by
the proteolipid V, ring of vacuolar ATPases [114, 115]. Here, SNARE-mediated attachment of a
vacuolar membrane to its target was shown to result in the apposition of two rings of V subunits

whose calmodulin-mediated disassembly is thought to enable lipid mixing leading to the actual
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achievement of fusion [114, 115]. As V, subunits part lipids further infiltrate to plug the spaces
between them, leading to the formation of a highly-curved between-bilayer fusion pore with a
proteolipidic toroidal structure (Figure 5). This model remains the subject of research and
discussion [116] — and other data indicate that only one of the fusing membranes requires a V)
complex, while still seeing a fundamental role for this proteolipidic structure in the generation of
membrane fusion based on the manipulation of basic biophysical properties of lipids [117]. In any
case, this specific example highlights the fact that all fusion proteins need to do is coordinate the
close apposition of two membranes and enable the resolution of the resulting junctional pore by in-
plane relaxation. This last step is clearly critical — in fact the hemi-fusion state has some stability
and needs reactivating for resolution to a fusion pore [110]. Proteins manipulate the basic physical
properties of membranes in order to bring about membrane fusion — just as they do to bring about
pore formation. Indeed a hemifusion stalk will form simply through the mutual energetic
destabilisation of two closely-placed bilayer surfaces facilitated by dehydration by the effects of

polyethyleneglycol [9, 118, 119].

The example of the V-ATPase V-ring is a rather special cellular case in which a non-professional
fusion protein has been co-opted to a new role. Several examples of professional fusion proteins
have been well characterised and described — for example viral fusion proteins from several
lineages of viruses, and cellular fusion proteins [9, 110, 120, 121]. Traditionally, fusion proteins
have been split into different families [120]: three classes of viral fusion proteins [9, 110], the
intracellular SNARESs [122], homotypic endoplasmic reticulum “atlastin” fusion proteins [123, 124]
and mitofusins [125]. However, the structure of baculovirus gp64 in a post-fusion state has
suggested that all viral fusion proteins may share a common evolutionary origin [121], while cell-
cell fusion proteins as found in C. elegans turn out to be clear homologues of class II viral fusion
proteins as found in viruses such as flaviviruses (e.g. Dengue, Tick-borne encephalitis) [126]

(Figure 5c). While pore-forming proteins have a common objective, they achieve it in a variety of
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related ways (oligomerisation, protein-lipid interface formation, refolding, transitions in secondary
structure). Despite their diversity (which is itself a matter of debate) fusion proteins show more

similarity in basic mechanism, while existing in an exotic variety of structural forms.

The general nature of fusion mechanisms is highlighted by the role of mitofusins in mitochondrial
fusion [125]. Mitofusins are, like mitochondrial fission proteins, members of the dynamin
superfamily; although their precise mechanism is unclear, it is thought that both membranes
approaching fusion contain a mitofusin and that their interaction leads to a pulling together of the
membranes similar to the mechanisms of vesicle fusion driven by SNARE proteins [125]. That
being said, it remains possible that a dynamin-like helical arrangement of the proteins is involved
[125]; and yet, the actual mechanism should be similar to other fusion processes, whether carried

out by professional viral fusion proteins or part-time operatives like the V ring.

11. Starting in the same place

A final question should be posed. Given that they engage the same terrain and have to negotiate the
same geography, are pore-forming and fusion proteins related to one another? Do at least some of
them share a common evolutionary lineage? Are they homologous? This is a deep question, and it is
a hard one to answer — though the solution of increasing numbers of structures of each class
(importantly, in different states such as before target engagement, and after pore-formation or
membrane fusion, as in the case of baculovirus gp64 [121]) will help to answer it as will our
developing understanding of the ways in which structures can be used directly in phylogenetic
analyses [127-131]. However, there do seem some superficial similarities between pore-forming
and fusion proteins, as depicted in Figure 6, and alignment and calculation of root mean square
differences in backbone equivalences enables the construction of a phylogenetic tree (Figure 7; see

Table 1 for RMSD deviation and number of equivalent residues for pore-forming lysenin with
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respect to each protein depicted). In particular, the pore-forming modules of lysenin and
proaerolysin, pore-forming proteins which are known to be homologues of one another [15, 132],
display some similarity to structures found in the Class III viral fusion proteins vesicular stomatitis
virus glycoprotein (VSV-G) [133] and baculovirus gp64 [121]. In turn, VSV-G and gp64 might
share with the influenza haemagglutinin [134] a common, long a-helix which is reminiscent of the
structure of the E. coli cytolysin A (ClyA, see above) in its pore-forming state [29]. It is worth
noting that for this comparison only acidic conditions, post-fusion state crystal structures of VSV-
G, gp64 and haemagglutinin were used, alongside the pore-forming conformation of ClyA. The
pore-forming structures of lysenin and aerolysin will in turn prove interesting comparison partners
with the possibly equivalent regions on VSV-G and gp64 since these are not regions undergoing
any substantial conformational changes during fusion, but during pore formation by lysenin and
aerolysin they will. For example, is greater homology found between lysenin and aerolysin pore-
forming modules and VSV-G and gp64 after pore formation has occurred and only the remnant core

of the pore-forming domain remains, than with the soluble states of each protein shown in Figure 6?

How might structural phylogeny be robustly inferred? The work to date on viruses [127, 129, 131]
and on pore-forming proteins [7, 36, 128, 130, 132] gives us some pointers. For example, do the
phylogenetic trees derived from such comparisons follow kingdom relationships? What happens to
the structural comparisons when structures not thought to be related are included in the
comparisons? And, a reciprocal point, how do the numbers of equivalent residues with root-mean-
square deviations of a given size (say, 2A or less) compare within groups of proteins known to be
related (e.g. pore-forming proteins of the lysenin/aerolysin class) and between such proteins and
viral fusion proteins? The comparison shown in Figure 7 and Table 1 at first sight suggests that
rooting of phylogenetic comparisons in subgroups of known pore-forming relatives and known
fusion protein relatives could give some confidence that the subgroups are themselves related

homologues. For sufficient numbers of cases, plots of root-mean-square deviation against numbers

22



of equivalent residues identified could also be informative — as also consideration of what criterion
indicates “significant” homology. It has already been shown that subdomains of viral fusion
proteins may be differentially conserved and indicate a single root for all such polypeptides [121] —
and this thinking should also be applied to the comparison of pore-forming and fusion proteins. In
the end perhaps the strongest arguments will remain that there do seem to be multiple protein
architectures capable of triggering fusion or bringing about pore formation, and yet similarities
seem to exist between the two groups of proteins. Those similarities may turn out to be trivial, or
convergent, but the possibility that they betray divergent evolution from a common ancestor
deserves further study and should not be discounted at this stage. Why should, or might, such
relationships exist? Pore-forming and fusion proteins face a related set of challenges centred on the
remodelling of membranes; it would not be so surprising in the end if it turned out that the capacity
of certain protein structures to engage with membranes in ways which destabilise and remodel lipid
bilayers had been strongly conserved. Indeed, we know from the paradigm case of the

MACPF/CDC proteins that exactly such a selective pressure exists [71, 135].
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Schematic diagrams of pore formation.

a) Pore formation by proteins such as Staphylococcus aureus a-hemolysin, in which (in this
case) seven subunits come together in a pre-pore structure before transitioning to a
membrane inserted pore. The bottom image shows a ribbon format representation of the a-
hemolysin pore crystal structure [30], while one of the schematic monomers in the top

image is superposed by a representative monomer from this protein family, the LukF
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b)

d)

bicomponent endotoxin [61]. In the pore structure the dashed line indicates the upper surface
of the lipid bilayer, while one subunit is coloured against the grey rendering of the other six.
Pore formation by membrane attack complex/perforin-cholesterol dependent cytolysin
(MACPF/CDC) proteins. This scheme is also relevant to the Bax/colicin family of proteins
[22, 101], though see Figure 3b for more details. Although complete rings of subunits do
form pores, the MACPF/CDC proteins distinctively can also act using arcs of subunits
interfacing with a non-lamellar, semi-toroidal lipidic edge, as shown in the expanded
cartoon provided as the fourth image in the sequence [7, 14, 16, 36, 41, 42, 45]. Like a-
hemolysin, the MACPF/CDCs go through a pre-pore to pore transition; unlike a-hemolysin
this can occur at any stage [7, 39, 40] beyond (it is estimated) five subunits [38].

Schematics of matrix-type and arc-type pore-forming structures in which the lipid (yellow)
forms a proportion of the channel perimeter as organised by the protein (pink).

Cartoon of pore formation within a lipid bilayer by a toroidal rearrangement of the lipids
alone [7, 64-66], cut through to show the positive curvature through the lipid plane and the
negative curvature of lipids around the pore perimeter. Reprinted with modification from [7]

by permission of Elsevier.
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Figure 2
Lipids in pore structures formed by f-sheeted pore-forming proteins

a) A toroidal arrangement of lipids may facilitate the membrane insertion of a-hemolysin pre-
pores, in the sequence numbered from (i) to (v) [24]. Figure modified from [24] and
reproduced with permission, © the authors.

b) Pre-pore (leff) and pore (right) structures formed by arcs of the MACPF/CDC pneumolysin,
on the background of a section through one of the cryo-electron tomograms from which

these sub-tomogram averages were computed. Lipid is coloured yellow, protein red [40].
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¢) A schematic model for the kinetically-determined assembly of MACPF/CDC proteins into
pores using diverse sizes of oligomer. Once the local supply of free subunits is exhausted,
pre-pore to pore transition occurs. This model has been described in a number of reviews
[14, 16, 42, 71] and quantitatively confirmed [38]. Also relevant is data shown in panel e
from [39].

d) Schematic of membrane binding, oligomerisation and pore formation by the MACPF/CDC
suilysin, from [38]. Monomers bind (left), oligomerise into arcs and rings and then form
pores. Kinetically-trapped arcs are as capable of pore formation as full rings, and can then
associate together to create double-arc pores. This image is © Leung et al. (2014).

e) Time sequence of atomic force microscopy images of the MACPF/CDC listeriolysin
forming pores on a supported membrane, from [39]. Arcs are seen to generate pores and also
to associate together into “patchwork™ structures possessing much greater conductance
capacity. The upper row shows actual AFM images, the middle row schematics inferred
directly from them, the bottom row height profiles along the lines indicated in the 35 minute
image. The growth and fusion of new structures with an already-formed oligomeric ring is
seen (black arrow in 20 minute image) as well as formation of a patchwork pore (white

arrow). This image is © Podobnik et al. (2015).
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Figure 3
Pore formation by the gradual insertion of MACPF/CDC pores.

a) Side views of pneumolysin oligomers within lipid bilayers as resolved using sub-tomogram
averaging: top, pre-pore; middle, partial pore or partially-inserted oligomer; bottom, pore.

b) Cartoons indicating the inferred state of the membrane and protein in each case shown in a.
The rolling insertion of the oligomer, starting from the right hand edge as viewed here and
in a results in the flow of lipids back into the bilayer (arrow).

c) Top views of the same sub-tomogram averages shown in a.
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Lipids in pore structures formed by a-helical pore-forming proteins.

a)

b)

Lipids play a clear structural role in the actinoporins; they have been resolved forming
part of the FraC pore structure [93]. Three views of the pore are shown — on the left from
the side and in the centre from above, with the subunits in ribbon format coloured
disctinctively and the three lipids per subunit involved in the pore structure shown in a
space-filling coloured by element. In the left hand image the dashed black line indicates
the upper edge of the membrane, as also shown by the lipid headgroup positions. In the
right hand image, a top view is shown with the FraC subunits displayed in a surface-
rendered format in grey, cut across just below the upper membrane surface with the
lipids shown as space-filling models in yellow. It is clear here that the lipids provide a
significant proportion of the channel perimeter.

Images taken from Bleicken and colleagues [22], reproduced with permission and ©

Elsevier, Inc. of a proposed model for the Bax pore. Double electron-electron resonance
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measurements in liposomes and isolated mitochondria enabled the measurement of
pairwise distances leading to this model for the remodelling of lipid bilayers into a non-
lamellar, semi-toroidal arrangement by an activated dimer of Bax. The Bax dimer has
also been resolved crystallographically [105] and a similar model has been proposed by
Westphal and colleagues [101]. On the left is shown a view in profile, with a single Bax
dimer; on the right a view from above in which a pair of Bax dimers trigger lipid-based
pore formation. On the right, the blue arc marks the proposed edge of the pore, and the
specific labelling of helix 9 underscores the antiparallel dimerization undergone by Bax

[105], as also apparent from the left hand image.
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Figure 5
Mechanisms of membrane fusion and fission.

(a) Sequential steps in membrane fusion, modified from [6] and reproduced with permission, ©
Nature Publishing Group. Two apposed membranes (i) approach one another whereupon (ii)
a point-like membrane protrusion arises from a minimisation of the hydration repulsion
between the two membranes’ proximal leaflets. Further dehydration results in formation of
the hemifusion stalk (ii1) followed by stalk expansion (iv) to yield a hemifusion diaphragm
or nascent fusion pore which opens up to generate the fusion pore proper (v) which relaxes
as the two membranes become fully confluent. Alternatively, the hemifusion stalk can
transition directly to a fusion pore. See also [9, 110, 122, 136] and for a molecular dynamic

simulation [137].
31



(b) Membrane fusion as observed in yeast vacuoles, mediated by the proteolipidic V ring of the
vacuolar ATPase [114, 115]. Apposition of two V, rings [115] (or action of a single ring
[117]), in a mechanism activated by calmodulin, leads to the disassembly of the octameric
V), and membrane fusion, in a variant of the scheme shown in panel a whereby the V,
facilitates or scaffolds fusion pore formation. Figure modified from [114] with permission
and © Macmillan Publishing Ltd.

(c) Membrane fusion as carried out by Class II viral fusion proteins, such as dengue virus. This
figure is modified from [9] and [138] with permission and is © the author, Stephen C.
Harrison.

(d) Membrane fission as forced by dynamin; a similar mechanism applies also with BAR
domain proteins, whereby a neck structure is constricted and breaks apart [112, 113]. The

figure is drawn after Figure 3 of [113].
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Figure 6
Side-by-side comparison of some pore-forming and fusion proteins.

Each protein is shown in ribbon format and coloured from blue at its amino-terminus to red at its
carboxy-terminus. Possibly homologous regions are boxed or circled with dashed lines. The
following structures were used: lysenin (PDB ID: 3ZXD); proaerolysin (PDB ID: 1PRE); VSV-G
(PDB ID: 2CMZ); gp64 (PDB ID: 3DUZ); influenza haemagglutinin (PDB ID: 1HTM) and ClyA

(PDB ID: 2WCD).
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Figure 7
Phylogenetic analysis of putatively equivalent regions in pore-forming and fusion proteins.

The regions boxed in Figure 5 are shown coloured from blue at the amino terminus to red at the
carboxy terminus, on a phylogenetic tree constructed via SHP [139] as described previously [140]
and plotted using the programs FITCH and DRAWTREE as part of the PHYLIP package [141]. See

Table 1 for RMSD values and numbers of equivalences.
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Table 1

2— | Lysenin Aerolysin Baculovirus gp64 | VSV glycoprotein
1]
Lysenin 1.74 (47) 1.48 (28) 1.89 (28)
Aerolysin 1.89 (46) 1.78 (29) 1.76 (22)
Baculovirus gp64 | 1.61 (26) 2.03 (27) 1.79 (62)
VSV glycoprotein | 1.70 (20) 1.92 (37) 1.75 (60)

A table of root mean square (RMS) deviations between structures aligned by pairwise structural
homology and the number of structurally equivalent residues over which the deviation was

calculated, all with reference to the lysenin pore-forming module. The alignments were made by
pairwise fitting (1 on 2) of the equivalent regions of each protein using SHP [139] as previously

reported [140].
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